Abstract − The main focus of this study was the evaluation of arsenic concentration in the ground water of Lahore at different depth and application of different mitigation techniques for arsenic removal. Twenty four hours of solar oxidation gives 90% of arsenic removal as compared to 8 hr. or 16 hr. Among oxides, calcium oxide gives 96% of As removal as compared to 93% by lanthanum oxide. Arsenic removal efficiency was up to 97% by ferric chloride, whereas 95% by alum. Activated alumina showed 99% removal as compared to 97% and 95% removal with bauxite and charcoal, respectively. Elemental analysis of adsorbents showed that the presence of phosphate and silica can cause a reduction of arsenic removal efficiency by activated alumina, bauxite and charcoal. This study has laid a foundation for further research on arsenic in the city of Lahore and has also provided suitable techniques for arsenic removal.
Introduction
Water is essential for all life forms on earth and is considered very important for our proper body functioning. The human brain is made up of 95% water; whereas blood and lungs contain 82% and 90% water, respectively, so water contamination can pose a serious threat to human health. Arsenic is a general ecotoxin whose presence in water is a severe hazard for more than 100 million people around the world [1] .
Arsenic water poisoning has become a more discussed and investigated topic for all the countries using arsenic polluted water [2] . Arsenic is a very carcinogenic and toxic element. Pollution of ground water with arsenic from both natural and anthropogenic sources is the cause of great global concern [3] .
Arsenic mobilization under natural conditions is the main cause of environmental arsenic problems. But other factors like mining activities, combustion of fossil fuels, arsenic pesticides, herbicides, crop desiccants and arsenic additives used in livestock feed create additional problems [4, 5] . Long term exposure to even low levels of arsenic in the food and water may produce a disease, arsenicosis. Arsenic poisoning can also cause many other health impacts like neurological effects, diabetes, cardio-vascular and peripheral vascular diseases and cancers of the skin, lung, liver, kidney, and bladder [6] . Arsenic is a serious hazard to the biosphere. It cannot be discharged as such with the effluents. Removal of arsenic is very important because of its highly toxic effects not only on the human but also on the environment. It is hard to find the level of contamination of arsenic because it gives no color, odor and taste even at higher concentration in water. Safe level of arsenic in drinking water has changed from 50 µgL -to 10 µgL -1 [7, 8] . This same limit is applicable for the other countries like the US (since January 2006), India, Taiwan, Vietnam, and Japan [5, 9] . But the maximum arsenic contaminant level (MCL) is 25 µgL -1 in Germany and Canada, whereas 50 µgL -1 in Pakistan, Bangladesh, china, and most of the Latin American countries [9, 10] . The major arsenic treatment technologies for drinking water include pre-oxidation of arsenic (III) to arsenic (V), adsorption methods, membrane methods, point-of-use methods, (coagulation/precipitation/adsorption/filtration), (oxidation/coagulation/precipitation/ filtration), (oxidation/ filtration/adsorption), adsorption/ filtration and phyto-remediation or biological arsenic removal. Arsenic water poisoning is a worldwide problem but has become more serious threat for the people of developing countries where the majority of the population utilizes groundwater for drinking purposes. Arsenic mainly exists in trivalent As (III) and penta-valent As (V) oxidation states. It is found that the arsenite is more toxic as compared to arsenate and is mainly found in ground water [11] . Many chemical and physical treatment techniques have been used to treat arsenic-contaminated waste-waters. Flocculation is a widely used method. Whereas, other removal techniques commonly used to remove arsenic species from aqueous solutions are chemical precipitation, iron precipitation, solvent extraction, reverse osmosis, and ferri hydrite precipitation. High cost, higher demand of energy and incomplete removal of arsenic are the limitations of these processes [12] . Access to clean drinking water is a survival issue for a large city like Lahore with a population exceeding ten million, along with about † To whom correspondence should be addressed. E-mail: yasar.abdullah@gmail.com This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/bync/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
2000 industrial units which can be one of the major causes of arsenic pollution. Groundwater arsenic concentration has exponentially endangered the lives of the residents of Lahore.
The purpose of this research is to quantify the concentration of arsenic in the groundwater of Lahore at various depths and compare the efficiency of different arsenic removal techniques like solar oxidation, oxidation (calcium and lanthanum oxide), coagulation (ferric chloride and alum) and adsorption (activated alumina, charcoal and bauxite). The present study will help in cleaning the drinking water contaminated with arsenic and mitigate the related issue with arsenic contamination.
Methodology

2-1. Study area
Lahore is the second largest city of Pakistan with an area of about 1772 Sq. KM and population of about 10 million growing at about 3.3% per year. The people of Lahore rely on three major service modes for water, which include the piped supply network of the Lahore Development Authority (LDA), the piped supply network of the various Cantonment authorities, and household groundwater wells. Samples were collected randomly from 392 tube wells of Lahore.
2-2. Experimental work
The work was conducted in two phases. In first phase ground water samples were taken and arsenic concentration correlation with depth was estimated. In second phase low and high arsenic removal techniques were evaluated for their efficiency which includes solar oxidation, oxides of calcium and lanthanum, coagulation/filtration and adsorbents (activated alumina (AA), charcoal, and bauxite). The removal efficiency % was calculated by the formula Removal efficiency % = (C i is initial arsenic concentration) (C f is final arsenic concentration)
2-3. Low concentration removal techniques
2-3-1. Solar oxidation Solar oxidation is an easy and simple method for arsenic removal. One liter of water with 500 ppb arsenic conc. was taken in three different plastic bottles. Then 0.2 g of ferrous hydroxide was added with 6-8 drops of lemon juice to enhance the photo-oxidation of arsenite (III) to arsenate (V). After that, these bottles were placed in sunlight and arsenic concentration was measured by Merck Field Arsenic Kit.
2-3.2. Oxides of calcium and Lanthanum
Calcium oxide and lanthanum oxide were used for arsenic removal. Two grams per liter of calcium oxide was added in water samples with arsenic concentration of 500 ppb and 1000 ppb. Dosage of 1 g/l of lanthanum oxide was added for same concentrations. The solutions were left overnight and filtered. Concentration of arsenic was measured.
2-4. High Concentration removal techniques 2-4.1. Coagulation/filtration Two coagulants, ferric chloride and alum, were used. One liter of water with 20 ppm arsenic concentration was used. KMnO 4 was added to water to oxidize Arsenite (III) to Arsenate (V) to achieve maximum arsenic removal. Coagulants (ferric salts or alum) were then added, and the solution was stirred well for a 4-5 minutes. Microflocs began forming rapidly as the solution was stirred gently to allow the formation of easily settable flocs. Filtration was carried out with filter paper. Microfiltration was also done and pH was adjusted at 6.7 to 7.7. Experiment was performed by varying arsenic concentration and doses of coagulants.
2-4.2. Adsorption method
Charcoal, alumina and bauxite were used as adsorbents. Each adsorbent was ground, sieved and dried before use. Oxidation of the prepared arsenic solution was done by adding 0.0015 g of potassium per magnate. One gram of the each adsorbent sample was loaded in the separate flasks, and then 500 ml of 20 ppm arsenic solution was added to each flask. pH was adjusted by using HNO 3 and NaOH for each adsorbent .The flasks were then capped and placed on a shaker (HY-Vibrator with adjustment speed multiple usage Functions) at 150 rpm for 2 hours. After the reaction period, all samples were centrifuged for 10 minutes and then filtered by filter paper. Scanning electron microscopic images of the adsorbent materials with and without as loaded were analyzed by scanning electron microscope 'SEM' (HITACHI model S-3400).
Result and Discussion
3-1. Arsenic level in ground water of Lahore
It was identified that most of the area of Lahore has high arsenic concentration above MCL (50 µg/l). About 58% of ground water of Lahore is within the WHO arsenic limits (50 µg/l) and 48% has arsenic level above WHO limit (Fig. 1) . Over abstraction to meet the needs of increasing population is the main cause of water contamination. Excessive groundwater extraction may be the vital reason for creating a zone of aeration in clayey and peaty sediments containing arseno-pyrite. Under aerobic condition, arseno-pyrite decomposes and releases arsenic that mobilizes to the subsurface water. The mobilization of arsenic is further enhanced by the compaction of aquifers caused by groundwater withdrawal. Hazardous waste disposal is another major source of arsenic contamination of soil and aquatic systems. Arsenic and fluoride both occur in the ground water of Lahore [13] .
The groundwater in the deep tube wells is less contaminated because deep aquifers have much less arsenic concentration than the shallow ones. The monitored tube wells of the study area have differ-
